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14.  ABSTRACT 

Fibers  used  in  composite  materials  can  be  coated  with  carbon  nanotubes  in  a  configuration  where  the  nanotubes  grow 
radially  away  from  the  fiber  surface.  In  this  configuration,  the  fiber  takes  on  a  fuzzy  appearance.  The  network  of 
nanotubes  acts  as  a  somewhat  conductive  coating.  This  research  was  a  preliminary  exploration  of  fuzzy  fiber  response  to 
mechanical  stimulus,  with  an  eventual  goal  of  incorporation  into  advanced  composite  structures,  where  they  would  be 
used  to  sense  strain  or  crack  growth.  The  resistance  change  of  the  fuzzy  fibers  to  applied  strain  was  measured  in  the 
following  configurations:  individual  fiber,  fiber  tow,  tow  in  matrix,  and  tow  in  laminated  composite.  Use  as  a  strain 
sensor  appears  promising,  where  fuzzy  fiber  tows  could  be  incorporated  as  a  small  percentage  of  a  structure.  In  this 
arrangement  they  are  non-parasitic,  integral,  load  carrying  members  of  the  structure,  with  the  potential  to  provide  wide- 
area  detection  of  damage. 
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INTRODUCTION 

The  onset  of  local  damage  in  structures,  such  as  delamination,  cracking  and  fastener 
loosening  can  often  be  difficult  to  detect  and  has  long-term  implications  on  the  performance  of 
the  composite  structure.  These  structures  are  often  exposed  to  a  variety  of  conditions,  including 
impact,  shock  loading  and  extreme  changes  in  temperature.  Because  of  both  manufacturing 
requirements  and  design  specifications,  large  and  complex  sections  often  need  to  be  joined 
together  to  form  the  final  structures.  It  is  important  to  understand  the  failure  behavior  of  these 
joints  under  a  variety  of  static  and  dynamic  loading  conditions.  Basic  understanding  of  the  nature 
and  progression  of  damage  in  the  structural  connections  is  crucial  to  the  development  of 
optimized  joint  designs  and  accurate  life  prediction  strategies. 

Non-destructive  techniques,  such  as  X-ray  or  ultrasonic  inspection,  can  shed  some  light  on 
local  damage,  but  frequently  connections  may  be  required  to  be  disassembled  for  inspection  and 
then  reassembled.  These  techniques  are  not  capable  of  real-time  monitoring  of  damage  evolution. 
Acoustic  emission  is  often  utilized  during  testing  to  detect  the  occurrence  of  damage  connections, 
but  interpretation  of  the  results  is  often  qualitative  or  the  analysis  complex.  As  a  result,  it  is 
crucial  to  develop  innovative  techniques  to  monitor  the  state  of  damage  in  composite  structures. 

Structural  Health  Monitoring  (SHM)  seeks  to  provide  ongoing  monitoring  of  a  structure’s 
integrity,  minimizing  the  need  for  programmed  inspections  and  allowing  maintenance  to  be  need- 
driven,  rather  than  usage-driven.  Current  SHM  approaches  often  use  strain  gages,  accelerometers 
and,  more  recently,  piezoelectric  sensors.  These  provide  “point”  measurements  of  engineering 
information;  therefore,  they  must  be  placed  at  or  near  critical  regions  of  interest  in  order  to  detect 
damage.  Should  damage  occur  at  other  unanticipated  regions,  it  may  go  undetected.  Methods  have 
been  devised  to  use  the  sensors  in  a  network  to  “triangulate”  readings/locations  of  interest.  This 
is  especially  true  for  piezoelectric  sensors,  which  provide  an  actuation,  as  well  as  a  sensing 
function  [1,  2],  One  approach  to  wide-area  damage  detection  is  to  harness  the  ability  of  certain 
classes  of  materials  to  provide  a  self-diagnosing  function.  Schulte’s  group  has  reported  that 
measuring  changes  in  electrical  resistance  of  carbon  fiber  reinforced  plastic  composites  during 
tensile  and  fatigue  loading  can  be  used  as  an  NDE  technique  [3,  4],  The  same  idea  was  used  to 
detect  the  water  leakage  in  reinforced  concrete,  in  which  the  cement  mortar  conductivity 
decreased  with  decreasing  water  content  and  leakage  [5].  The  proposed  effort  seeks  to  harness 
the  inherent  conductivity  of  carbon  nanotubes  (CNTs)  to  provide  for  in-situ  sensing  of  structural 
damage  [6]. 

CNTs  are  made  of  graphene  sheets  of  hexagonal  structure  rolled  up  into  a  nanoscale  tube.  For 
single-walled  carbon  nanotubes  (SWCNTs),  only  one  graphene  sheet  is  used  to  form  the  tube. 
Additional  graphene  tubes  around  the  core  of  a  SWCNT  lead  to  multi-walled  carbon  nanotubes 
(MWCNTs).  These  CNTs  have  diameters  in  a  range  between  one  to  tens  of  nanometers,  with  both 
their  ends  normally  capped  by  fullerene-like  structures.  The  unique  structure  of  CNTs  brings  the 
material  some  outstanding  properties  that  make  it  possible  to  apply  CNTs  to  applications  in 
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various  areas  of  materials,  including  the  development  of  a  new  generation  of  sensors. 
Electrochemical  sensors  and  biosensors  are  among  the  most  intensively  studied  applications  for 
CNTs.  CNTs  are  a  promising  material  for  detecting  chemicals  and  biochemicals  due  to  several 
intriguing  properties,  including  their  outstanding  ability  to  mediate  fast  electron-transfer  kinetics 
for  a  wide  range  of  electroactive  species  and  large  length-to-diameter  aspect  ratios  that  provide 
high  surface  area.  This  large  surface  area  offers  an  opportunity  for  depositing  external  materials 
or  performing  surface  functionalization  that  may  bring  or  enhance  activity  of  electrodes  [6-9]. 
Features  that  make  CNTs  impressive  for  electroanalytical  applications  include  the  ability  to 
promote  electron  transfer  in  electrochemical  reactions,  high  electrocatalytic  activities  towards 
chemicals  and  biomolecular  species,  and  anti -fouling  capability  of  the  electrode  surfaces  [10-13]. 

The  CNT’s  large  surface  area  gives  significant  gas-molecular  adsorption  capacity.  The 
adsorption  of  electron  withdrawing  or  donating  gas  molecules  on  CNTs  can  cause  charge  transfer 
between  the  nanotubes  and  molecules  [14].  This  charge  transfer  can  lead  to  changes  in  the 
electrical  conductance  of  the  nanotubes.  The  direct  change  in  their  electrical  properties  in 
response  to  the  interaction  with  probed  molecules  forms  the  basis  for  gas  molecular  sensors. 

Coatings  or  modification  of  the  nanotubes  with  certain  metals  ( e.g .,  Pd  nanoparticles  [15], 
etc.),  metal  oxides  (e.g.,  SnC>2  nanoparticles  [16],  etc.),  polymers  (e.g.,  polyethyleneimine  [17] 
and  poly-(m-aminobenzene  sulfonic  acid  [18],  etc.)  have  been  demonstrated  to  impart  selectivity 
to  the  sensors  for  certain  gases  and  vapors,  as  well  as  to  allow  for  detection  of  molecular  species 
at  low  concentrations.  Functionalization  of  CNTs  may  also  give  biomolecular  recognition  that 
may  lead  to  biosensors  in  addition  to  the  gas  and  vapor  molecular  sensors  based  on  change  of 
electrical  conduction  [19].  In  addition  to  coating  or  surface  modification,  doping  CNTs  with 
certain  elements  (e.g.,  nitrogen  doping  during  CNT  synthesis)  can  enhance  sensitivity  and 
selectivity  to  certain  gas  molecular  species. 

Strain  and  bending  of  CNTs  may  cause  reproducible  changes  in  their  conductance,  making  it 
possible  to  construct  electromechanical  sensors  [20,21].  The  piezoresistance  properties  of  CNTs 
in  polymeric  composites  are  being  investigated  for  smart  structure  applications  [22-23].  There 
are  a  number  of  other  CNT  sensors  under  study  that  may  have  working  principles  completely  or 
partially  different  from  the  above  sensors.  For  example,  based  on  the  change  of  mechanical 
resonant  frequency  of  CNTs  due  to  variation  of  temperature,  pressure,  mass,  and  strain,  the 
corresponding  thermal  sensors,  pressure  sensors,  mass  sensors,  and  strain  sensors  were  suggested 
[24].  Based  on  the  fact  that  there  are  shifts  of  specific  peaks  in  the  Raman  spectrum  of  CNTs 
dispersed  in  polymeric  composites  under  stress-strain  or  pressure,  CNTs  may  be  used  for  sensing 
stress  and  pressure  [25],  In  this  research  study,  we  will  use  the  unique  capability  of  carbon 
nanotube  based  sensors  for  sensing  local  composite  damage.  Through  careful  design  of  the 
specimen  it  will  be  possible  to  detect  the  onset  and  progression  of  damage  in  the  fiber.  In  the  end, 
the  goal  of  the  study  is  to  demonstrate  a  novel,  multi-modal,  nanomaterial-based  sensor  technology 
that  can  provide  wide-area  detection  of  damage. 
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MATERIAL  FABRICATION 


CNT  growth  on  glass  fibers  (fuzzy  glass  fiber)  was  carried  out  using  a  traditional  chemical 
vapor  deposition  process.  Two  sets  of  fuzzy  glass  fiber  were  prepared  by  changing  only  the 
growth  time.  CNT  fuzzy  glass  with  short  resident  time  exhibits  less-dense  CNT  growth  than  long 
resident  time  (Figures  1  and  2). 


Figure  1.  SEM  micrograph  of  low  density  CNT  growth  on  glass  fiber. 


Figure  2.  SEM  micrograph  of  high  density  CNT  growth  on  glass  fiber. 
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SPECIMEN  DEVELOPMENT 


Fuzzy  fiber  strain  sensors  were  characterized  as  fibers,  tows,  monocomposites  (embedded  in 
epoxy  matrix  material),  and  composite  specimens.  Coupon  geometries  were  designed  to  evaluate 
specific  characteristics  of  the  sensors  of  interest.  Following  successful  evaluation  of  individual 
fibers,  single  tows  were  embedded  in  an  epoxy  matrix  monocomposite  and  subsequently  in¬ 
corporated  into  carbon  composite  specimens  designed  to  produce  specific  geometry-induced 
responses.  These  included  straight-sided,  stress-concentration,  and  Poisson’  s-effect  specimens.  All 
composite  specimens  were  fabricated  as  both  unidirectional  [0±]g  and  orthotropic  [±45°]4S  fiber 
orientations. 

Experiments  indicated  that  fuzzy  fiber  with  high  density  CNTs  produced  the  best  strain 
response,  so  sensors  were  developed  accordingly  for  use  in  the  composite  specimens.  The 
process  of  embedding  sensors  in  a  carbon  composite  panel  required  electrical  isolation  for  the 
sensor.  This  isolation  was  provided  by  sandwiching  the  sensor  between  two  layers  of  plain  weave 
E2  glass  having  a  0/90°  fiber  orientation.  The  width  of  the  glass  strip  was  less  than  10mm  and  the 
length  varied  with  the  length  of  the  fuzzy  fiber  sensor  element.  Instrumentation  leads  were 
bonded  to  the  fiber  tow  with  conductive  epoxy  and  extended  beyond  the  isolation  layer. 

All  composite  specimens  were  fabricated  through  a  similar  process.  Six  composite  panels,  12"  x 
12",  were  fabricated  with  IM7/977-2  prepreg  unidirectional  carbon  fiber  tape.  Three  panels  each 
were  prepared  with  unidirectional  [0]s  or  orthotropic  [±45]4S  layups.  The  three  panels  of  each 
layup  were  used  for  straight-sided,  stress-riser  and  Poisson’s  effect  specimens.  Sensors  were 
embedded  at  specified  levels  in  the  layup  depending  on  the  type  of  specimen  response  to  be  tested. 
Panels  were  then  processed  in  an  autoclave.  Following  cure,  specimens  were  machined  from  the 
panels  using  an  abrasive  saw.  Figure  3  shows  a  typical  cured  panel  with  embedded  sensor 
elements  prior  to  cutting  into  individual  specimen. 


Figure  3.  Composite  panel  with  embedded  strain  sensors 
oriented  for  straight-sided  specimen. 
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UNIAXIAL  AND  ORTHOTROPIC  COUPON  TENSION  SPECIMEN 


Two  composite  panels,  one  for  each  layup  ([0]g  or  [±45]4S),  were  fabricated  with  6"-long 
fuzzy  fiber  strain  sensors  embedded  at  the  midpoint  of  the  laminate  plies.  Eight  straight-sided 
specimens  (as  shown  in  Figures  4  and  5),  were  machined  from  each  panel  and  tested  in  a 
hydraulic  test  system. 


Figure  4.  Straight-sided  specimen  for  strain  Figure  5.  Schematic  of  straight-sided 

sensitivity  measurements.  specimen  with  embedded  sensor  depicted  in  red. 


STRESS-RISER  TENSION  SPECIMEN 

Two  specimens  were  designed  to  further  study  the  fuzzy-fiber  sensor  behavior  in  response  to 
stress.  An  “open-hole  specimen”  was  developed  based  on  ASTM  Standard  D  5766  “Standard  Test 
Method  for  Open-Hole  Tensile  Strength  of  Polymer  Matrix  Composite  Laminates.”  The  specimen 
contained  two  3.0"-long  sensors  to  evaluate  the  response  to  near-field  and  far-field  stresses 
around  an  open  hole.  In  accordance  with  D  5766  [30],  the  “width-to-diameter  ratio”  was 
maintained  through  the  use  of  a  3 "-wide  specimen  and  a  ‘/'-"-diameter  hole.  Two  composite 
layups  were  fabricated:  unidirectional  ([0]g)  and  orthotropic  ([+  45]4S). 

Eight  fuzzy-fiber  sensors  were  embedded  in  each  layup,  two  for  each  specimen,  in  the 
longitudinal  direction  (parallel  to  the  0  degree  unidirectional  fibers),  as  shown  in  Figure  6.  Sensor 
position  was  determined  by  the  eventual  location  of  a  hole  to  be  machined  at  the  longitudinal 
midpoint  and  mid-width  of  the  specimen.  Sensors  were  located  at  the  midpoint  of  the  panels  for 
the  unidirectional  and  orthotropic  layups. 
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Figure  6.  Fabricated  panel  with  embedded  sensors. 


Four  specimens  were  then  removed  from  each  panel,  cutting  parallel  to  the  sensors.  A  represent¬ 
ative  specimen  is  shown  in  Figure  7  and  specimen  schematic  in  Figure  8.  Following  initial 
mechanical  tests,  open  holes  were  machined  in  the  specimens  to  create  the  stress  concentration. 


Figure  7.  Open-hole  stress-concentration  specimen  prepared  for  testing. 
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Figure  8.  Schematic  representative 
of  the  sensor  locations. 
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POISSON  AND  OFF-AXIS  TENSION  SPECIMEN 


Specimens  were  also  designed  and  fabricated  to  evaluate  sensor  response  in  both  longitudinal 
and  transverse  orientations  relative  to  the  loading  axis.  The  specimens  were  fabricated  in  both 
[0°]8  and  orthotropic  [±45]4S  layups.  Two  3.0"  long  fuzzy  fiber  sensors  were  embedded  in  each 
layup,  one  in  the  longitudinal  direction  (parallel  to  the  0°  unidirectional  fibers)  and  the  second  in  the 
transverse  direction  (perpendicular  to  the  0°  unidirectional  fibers).  Removal  of  the  specimens  from 
the  panel  by  machining  a  cut  parallel  to  the  longitudinal  axis  necessitated  that  all  sensor 
instrumentation  wires  exit  the  specimen  along  its  ends  rather  than  sides.  Laminates  were 
processed  in  an  autoclave  and  then  machined  to  a  shape  that  would  optimize  the  transverse 
sensors  response  to  Poisson  effect.  Figures  9  and  10  show  the  specimen  in  final  form  and  a 
schematic  with  sensor  locations. 
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ADDITIONAL  OFF-AXIS  TENSION  SPECIMEN 


To  further  investigate  sensor  response  to  longitudinal,  transverse,  and  off-axis  loading 
conditions,  a  unique  specimen  was  fabricated  from  randomly-oriented  chopped  strand  fiberglass 
mat  and  E-862  Epoxy.  The  randomly-oriented  fiber  provided  a  quasi-isotropic  planar  specimen 
which  negated  any  possible  influences  of  fiber  directionality  on  sensor  response.  The  11 -ply 
specimen  contained  4  independent  sensors,  each  at  different  layers  in  the  laminate.  The  fabri¬ 
cated  and  machined  specimen  is  shown  in  Figure  11.  Figure  12  shows  the  specimen  loaded  into 
the  hydraulic  test  machine. 


Figure  11.  Sensor-orientation  specimen  Figure  12.  Sensor-orientation  specimen 

machined  and  ready  for  testing.  loaded  into  test  machine. 


INSTRUMENTATION 

Two  types  of  signals  indicating  mechanical  strain  or  damage  are  available  from  embedded 
fuzzy  fibers.  The  first  is  a  loss  of  continuity,  indicating  the  complete  breakage  of  the  fuzzy  fiber 
tow  due  to  an  overload  or  crack  propagation.  These  signals  are  easy  to  detect  but  indicate  late- 
phase  damage.  It  is  preferred  to  detect  earlier  precursors  to  such  damage,  such  as  an  increase  in 
electrical  resistance  due  to  applied  strain. 

In  this  work,  electrical  connections  were  made  to  the  fuzzy  fiber  sensors  with  silver-filled 
conductive  epoxy,  transitioning  to  copper  lead  wires.  Since  one  objective  of  the  fuzzy  fiber 
sensors  is  to  minimally  disturb  the  composition  of  the  structure,  it  is  likely  that  future 
implementations  would  instead  transition  to  wires  using  CNT-filled  matrix  material. 

The  sensors  were  monitored  with  a  Wheatstone  bridge,  much  the  same  as  a  commercial 
strain  gage.  The  balancing  resistor  was  selected  for  each  fuzzy  fiber  sensor  due  to  variability  in 
the  resistance  of  the  sensors.  A  Vishay  2310  signal  conditioner  with  a  gain  of  100  was  used  to 
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amplify  the  sensor  response,  and  bridge  excitation  was  set  to  10  V,  with  no  concerns  with  self¬ 
heating  due  to  the  large  (>1  kQ  )  resistance  of  the  sensors. 

UNIAXIAL  TENSION  TESTING 

To  get  an  idea  of  the  piezoresistive  behavior  of  the  fuzzy  fiber  sensor  element,  initial  testing 
was  performed  on  a  tow  of  fuzzy  fibers  cast  into  an  epoxy  matrix.  Specimens  were  tested  in  a 
hydraulic  test  system  as  shown  in  Figure  13,  using  an  MTS  458  analog  controller  and  lOOkN 
servoactuator.  Tests  were  run  in  load  control,  at  a  ramp  rate  of  10  N/s.  Load,  strain,  actuator  stroke, 
and  sensor  output  were  recorded. 


Figure  13.  Testing  of  monocomposite  in  a  hydraulic  test  system 
with  an  extensometer  to  measure  strain. 

Tension  tests  of  the  straight-sided  composite  specimens  were  run  next.  Tests  were  run  in  stress 
control  at  ramp  rates  of  0.2,  2.0,  and  20  MPa/s,  using  a  vertical  MTS  servohydraulic  system  with  a 
lOOkN  actuator.  Load,  strain,  stroke,  and  sensor  output  were  recorded.  Tests  were  stopped  at  stress 
levels  of  40  MPa  for  the  weaker  [±45]4S  specimens,  and  400  MPa  for  the  stronger  [0]g  specimens. 
An  illustration  of  a  typical  test  is  shown  in  Fig.  14;  note  that  the  red  lead  is  clipped  to  a  barely 
visible  sensor  wire,  not  to  the  extensometer.  After  inserting  the  specimen  in  the  load  frame  and 
stabilizing  the  load  near  zero,  these  specimens  were  surrounded  by  a  fiberglass  blanket  to  isolate 
them  from  ambient  air  and  allowed  to  thermally  stabilize  before  testing.  Tests  at  slower  rates 
were  repeated  if  substantial  offsets  in  sensor  signal  were  noted  after  a  test,  indicating  thermal 
drift.  Sensors  in  the  13  tested  specimens  had  a  nominal  resistance  in  the  50  k£2  range.  Additional 
uniaxial  tension  tests  were  performed  on  the  stress-riser  specimens.  Four  specimens  of  each  layup 
were  tested;  the  sensors  in  this  case  had  a  nominal  resistance  of  3  kQ  due  to  differences  in 
processing. 
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Figure  14.  Composite  Straight-sided  specimen  tensile  test. 

POISSON  AND  OFF-AXIS  TENSION  TESTING 

Testing  of  the  Poisson’s  specimen  was  conducted  as  shown  in  Figure  15.  The  tests  were 
meant  to  simultaneously  evaluate  sensor  response  in  both  longitudinal  and  transverse 
orientations  relative  to  the  loading  axis,  with  the  same  composite  layups  as  in  the  previous 
testing.  Inclusion  of  two  75mm  long  fuzzy  fiber  sensors,  one  in  the  longitudinal  direction  and  the 
second  perpendicular  to  the  loading  direction,  allowed  the  evaluation  of  the  response  to  transverse 
loading.  Test  setup  was  essentially  the  same  as  for  the  earlier  tension  tests,  except  for  the  addition 
of  a  second  (transverse)  channel  of  sensor  amplifier  and  data  collection.  The  extensometer  was 
moved  from  the  center  of  the  specimen  to  a  section  of  uniform  area.  In  a  second  set  of  tests,  the 
specimens  were  modified  to  lengthen  the  kerf  connecting  the  “body”  to  the  “arms”  of  the 
specimen.  Sensors  in  these  tests  had  a  nominal  resistance  in  the  50  kQ  range. 
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Figure  15.  Transverse  sensor  specimen  test  setup 


The  additional  off-axis  specimen  was  tested  in  a  different  MTS  servohydraulic  test  system  with 
smaller  hydraulic  wedge  grips  open  on  the  sides  and  a  digital  controller.  No  reference 
extensometer  was  used,  but  three  channels  of  sensor  data  were  collected  at  a  time.  The  nominal 
resistance  of  these  sensors  was  lower  than  those  used  in  previous  tests,  now  in  the  3  kO  range. 
Tests  were  run  dynamically,  with  a  triangle  wave  of  0  to  1000  lb  applied  at  0.3  and  0.03  Hz.  This 
load  was  applied  to  opposite  arms  of  the  specimen,  while  sensor  response  was  monitored  in  three 
of  the  four  possible  directions.  In  order  to  cancel  any  effects  from  sensor  location  or  fabrication, 
the  test  sequence  was  structured  so  that  three  channels  were  connected  and,  then,  the  response  was 
recorded  to  load  applied  across  each  of  the  four  sets  of  arms.  One  amplifier  was  moved  to  the 
previously  unmonitored  channel  and  the  test  sequence  was  repeated. 


RESULTS  AND  DISCUSSION 

The  series  of  tests  noted  above  progressed  from  an  initial  sensor  feasibility  study  to 
incorporation  in  segments  of  actual  composite  panels.  The  sensors  were  shown  to  produce 
consistent  response,  low  noise,  high  strain  capability,  and  were  repeatable  for  elastic  strain  in 
same  specimen  (no  hysteresis  or  offset) 

Monocomposite  refers  to  a  single  tow  of  fuzzy  fibers  encased  in  an  epoxy  matrix  that 
comprises  the  majority  of  the  specimen.  Several  generations  of  monocomposite  were  tested 
before  confidence  was  gained  that  the  tests  were  representative  of  the  sensor  behavior.  Figure  16 
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shows  the  results  from  testing  two  specimens  to  failure,  with  extensometer  strain  used  as  a 
reference.  These  specimens  displayed  low  noise,  a  consistent  response  in  the  elastic  region,  and 
reasonable  linearity  and  sensitivity.  In  addition,  they  showed  the  potential  for  measurement  of  high 
strains,  well  above  1  percent.  This  was  very  encouraging  and  provided  enough  confidence  to 
move  on  to  the  next  phase,  incorporating  the  sensors  into  actual  composite  panels. 


Once  the  test  protocol  was  developed,  tension  tests  showed  that  sensor  response  was 
insensitive  to  loading  rate,  but  dependent  on  composite  layup.  Typical  data  is  shown  below  in 
Figures  17  and  18.  In  both  cases,  the  sensitivity  (slope)  is  almost  identical  at  all  loading  rates, 
with  slight  separation  at  higher  strains.  The  mean  response  for  22  tests  performed  on  seven 
uniaxial  specimens  was  0.58  mV/ps,  with  a  standard  deviation  of  0.06  mV/ps.  The  mean  response 
for  20  tests  performed  on  six  orthotropic  specimens  was  lower  (0.41  mV/pe),  again,  with  a 
standard  deviation  of  0.06  mV/ps.  The  actual  data  from  these  tests  is  shown  in  Figure  19.  If  not 
for  the  initial  outlier,  which  is  unexplained,  the  orthotropic  test  standard  deviation  would  have 
been  even  lower.  Possibly,  the  additional  scatter  in  the  uniaxial  data  is  caused  by  its  higher 
stiffness  or  a  complex  state  of  stress  around  the  sensor  tow;  thermal  effects  (described  below) 
may  also  play  a  significant  role  and  might  explain  the  difference  in  scatter  between  the  two  layups. 
These  responses  give  a  mean  gage  factor  for  the  uniaxial  sensor  of  2.3  and  a  gage  factor  of  1.6 
for  the  orthotropic  layup,  similar  to  metal  foil  gages. 
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Figure  1 7.  Uniaxial  specimen  strain  data. 


Specimen  A-  6 


Extensometer  Strain  (|i£) 

Figure  18.  Orthotropic  specimen  strain  data. 


The  second  group  of  lower  resistance  (3  kQ  as  opposed  to  50  kQ)  sensors  had  similar 
sensitivities,  as  shown  in  Figure  20.  These  specimens  were  tested  twice,  with  most  sensors 
showing  little  drift  between  tests.  The  first  four  sensors  in  Figure  20  are  the  uniaxial  layup  and  the 
last  four  are  the  orthotropic  layup.  While  the  uniaxial  sensors  have  a  higher  response  than  the 
orthotropic  sensors,  this  effect  is  not  as  large  as  in  the  higher-resistance  sensors.  A  more- 
pronounced  effect  is  the  consistently  lower  response  from  SI,  the  sensor  located  near  the  edge  of 
the  specimen.  This  may  indicate  a  different  state  of  stress  than  seen  by  the  more-central  sensor. 
Again,  it  appears  that  the  orthotropic  layup  sensors  exhibit  lower  scatter. 
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Figure  20.  3  kQ.  sensor  sensitivity  data. 

The  first  off-axis  tests  involved  sensors  subjected  to  transverse  loading,  with  an  additional 
longitudinal  sensor  as  a  control.  Two  specimens  of  each  layup  were  fabricated  and  tested.  The 
response  of  the  sensors  aligned  with  the  loading  direction  was,  again,  consistent  with  the  initial 
tensile  tests,  with  a  uniaxial  sensitivity  of  0.67  mV/ps  and  an  orthotropic  sensitivity  of  0.38 
mV/ps.  For  the  orthotropic  layup,  the  transverse  sensor  showed  a  response  of  -0.13  mV/ps,  an 
expected  value  for  a  Poisson’s  ratio  of  ~0.3.  However,  the  uniaxial  specimens  were  not 
consistent  with  predictions,  as  shown  in  Figure  21.  These  should  have  had  a  much-higher 
Poisson’s  ratio  and,  therefore,  stronger  lateral  contraction.  In  addition,  the  transverse  sensors 
showed  a  positive  response,  0.12  mV/pe.  In  order  to  confirm  the  observed  behavior,  the 
specimens  were  modified  to  reduce  a  possible  nonuniform  stress  field  at  the  ends  of  the 
transverse  sensor,  but  no  substantial  change  in  sensor  response  was  observed.  An  additional  test 
along  the  third  axis  consisted  of  placing  the  flat  specimen  between  compression  platens  and 
applying  a  compressive  stress;  the  sensor  had  zero  response  to  this  loading.  It  is  thought  that  there 
is  a  complex  interaction  between  interlaminar  stresses  and  the  CNT  conduction  mechanism.  For 
instance,  the  compressive  load  likely  had  no  response  because  the  autoclave  cure  densified  their 
arrangement,  such  that  additional  compression  did  not  cause  an  increase  in  conductivity.  A 
related  effect  may  have  occurred  in  the  transverse  sensors. 

In  order  to  further  investigate  these  effects,  the  additional  fiberglass  specimen  described  above 
was  used  to  look  at  the  longitudinal,  transverse,  and  off-axis  response  for  four  sensors 
simultaneously.  In  general,  these  performed  similarly  to  the  orthotropic  sensors  in  the  graphite- 
epoxy  composites  described  above.  Figure  22  shows  the  data  from  one  test,  where  the  specimen 
was  loaded  along  axis  “A”.  The  sensor  aligned  with  the  loading  had  the  highest  response,  the 
sensor  at  45°  to  the  loading  had  a  lower  positive  response,  and  the  sensor  at  90°  to  the  loading 
showed  a  negative  response  because  of  Poisson  effects.  Due  to  the  lack  of  a  reference  strain 
measurement,  the  magnitude  of  these  sensitivities  cannot  be  compared  directly  with  results  from 
previous  sensors. 
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Figure  21.  Sensor  response  in  uniaxial  composite  loaded  along  its  axis. 


Figure  23  is  a  compilation  of  the  sensitivity  results  from  all  tests  on  this  specimen,  with  each 
data  point  representing  the  average  of  six,  twelve,  or  24  tests,  depending  on  the  sensor  and  the 
sensing  mode.  Data  from  all  sensors  was  recorded  with  loading  along  all  axes.  In  every  case,  the 
strongest  response  was  in  the  longitudinal  mode,  followed  by  the  oblique  mode,  and,  finally,  by  the 
transverse  mode,  which  was  negative  (or  zero  for  sensor  D).  Some  geometry  effect  is  apparent, 
as  sensors  A  and  B  were  in  the  longer  arms  of  the  star  and  C  and  D  were  in  the  shorter  arms.  The 
gage  length  for  all  four  sensors  was  the  same.  These  tests  confirmed  the  behavior  or  the  fuzzy 
fiber  sensors  in  an  orthotropic  composite,  but  did  not  provide  insight  into  the  anomalous  trans¬ 
verse  behavior  in  the  uniaxial  layup. 


0  200  400  600  800  1000 

Load  (lb) 

Figure  22.  Typical  off-axis  sensor  response. 


Figure  23.  Off-axis  sensitivity  data. 


At  the  beginning  of  tensile  testing,  substantial  thermal  response  was  observed,  causing 
unacceptable  drift  in  the  strain  signal.  Faster  loading  rates  or  insulating  the  specimen  from  the  air 
and  allowing  it  to  thermally  stabilize  before  testing  overcame  the  thermal  issues.  However,  a 
separate  investigation  was  performed  to  determine  the  magnitude  of  error  in  strain  measurement 
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that  could  be  expected  due  to  thermal  errors.  For  this  testing,  the  specimen  was  placed  in  a 
varied-temperature  water  bath  and  the  resistance  of  the  sensor  was  measured  across  a  range  of 
temperatures.  The  test  was  performed  with  one  specimen  incorporating  a  first  batch  (-50  kQ) 
sensor  and  one  with  a  second  batch  (~3  kQ)  sensor.  Figure  24  shows  the  thermal  response  of  the 
sensors.  This  is  a  substantial  change  in  resistance,  as  it  corresponds  to  a  potential  error  on  the 
order  of  2000pe/°C.  Temperature  compensation  of  deployed  sensors  is  indicated  if  static  strain  or 
changes  over  time  are  required  to  be  measured.  While  not  explored  in  this  study,  this  thermal 
sensitivity  indicates  the  potential  for  the  use  of  unstrained  fuzzy  fiber  as  a  temperature  sensor. 


CONCLUSIONS 

The  efforts  presented  here  highlight  the  feasibility  of  incorporating  carbon  nanomaterials  into 
structural  composites  as  sensors.  The  CNT  covered  glass  fiber  has  been  shown  to  be  a  viable 
alternative  to  conventional  metal  foil  strain  gages.  The  fuzzy  fiber  sensors  exhibit  similar 
sensitivity  to  conventional  strain  gages  and  are  more  easily  integrated  into  composite  structures 
as  the  sensor  itself  is  a  composite.  The  fuzzy  fiber  strain  gages  can  be  used  to  sense  strain  within 
composite  structures  and  can  be  readily  integrated  into  the  structural  laminate  to  provide  sensing 
over  large  sections  and  in  locations  not  accessible  to  conventional  strain  gaging  techniques. 

The  unique  properties  of  the  CNT  covered  fuzzy  fiber  lends  itself  to  application  in  a  wide 
range  of  sensing  tasks  within  a  structural  composite  including  strain,  temperature,  degradation, 
etc.  The  fuzzy  fiber  may  be  tailored  so  that  the  same  sensor  can  be  used  for  a  multitude  of 
sensing  applications.  The  sensitivity  of  the  fuzzy  fiber  to  a  certain  stimulus  can  be  amplified  by 
its  application  so  that  the  sensor  will  sense  the  desired  parameter,  without  significant  cross  talk 
from  other  stimuli  the  sensor  may  be  inherently  susceptible  to. 
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